Emission at 589.0 nm from Na atoms is observed when beams of K and NaX (X = Cl, Br, I) are crossed inside the cavity of a cw dye laser tuned to wavelengths not resonant with either the isolated reagents or products. This emission is interpreted as the signature of light absorption by a system in the process of chemical reaction, and the variation of this emission intensity with probe wavelengths is an excitation spectrum of "transition region species" formed in these reactions. Each spectrum displays a "blue" feature where the emission intensity increases sharply as the probe wavelength approaches the Na D lines. A second "red" feature is also observed in all of the spectra. This feature appears as a well resolved maximum for the Br and I systems peaked at -610 nm, and is much broader for the Cl system with the maximum at -640 nm. Definitive assignment of these features is not yet possible, but several possible mechanisms are proposed which may give insight into the reaction dynamics.
I. INTRODUCTION
During the last 30 years a variety of experimental techniques for studying "state-to-state" chemistry have led to great advances in the understanding of the dynamics of chemical reaction events. Even though these experiments can often be very sophisticated, the observations are almost always made on reagents before the reaction or products after the reaction, and details of the reaction event must be inferred from these measurements. Direct probes of the reaction event are clearly desirable, and recently progress' has been made toward the direct study ofspecies in the process of reaction. In this paper, we present the results of experiments in which the reaction event is probed directly for the reactions K + NaX-,KX + Na, where X = Cl, Br, or I. As the nuclei evolve from "reagents" to "products" in a chemical reaction, they pass through many nuclear configurations which are neither reagents nor products. We call these transient nuclear configurations transition region species (TRS) defined as the set of all configurations intermediate between reagents and products. ' The goal of these studies has been to experimentally probe these TRS's in hopes of obtaining insight into the motions of the nuclei during chemical reaction.
The extremely short duration of the reaction event (typically < 1 ps) makes spectroscopic interrogation of the chemical system during the reactive collision very difficult. A second difficulty, of perhaps equal magnitude, is that interpretation of any experimental spectra of transition region species requires some knowledge of the potential energy surfaces (PES's) involved. In most cases, this information is either unavailable or is insufficiently accurate to allow an unambiguous interpretation. Furthermore, an experimental l ) Robert A. Welch Pre-and Postdoctoral Fellow. "Current address: Analytical Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831. ') Permanent address: Chemistry Department, University of Canterbury, Christchurch, New Zealand.
TRS spectrum is likely to probe many nuclear configurations, not just one "transition state," and is likely to be severely broadened by averaging over the initial distribution of impact parameters, internal states of the reactants, and collision energies. This suggests that such a spectrum would be unlikely to exhibit any discernible features.
The difficulties just described can be partially circumvented by studying unimolecular processes in which a stable species is photoexcited to a dissociative state and the decomposition of the system on the excited surface is observed. These "half-collision" experiments offer several advantages: stable species can be made in higher concentration than bimolecular TRS's and stable species can usually be prepared at low temperatures in known geometries so photoexcitation accesses a limited set of final states and avoids averaging over a broad range of initial conditions. Moreover, for stable species extensive spectroscopic data are often available and more accurate PES's are likely to be available to assist in the interpretation.
Several groups have now reported elegant studies on such unimolecular systems. In the experiments of Kinsey and co-workers (Ref. 3 ), CH, I and 0, were irradiated in bands which normally lead to prompt photodissociation. But despite the short photodissociation lifetime ( < 1 ps), very weak fluorescence from the dissociating molecule was observed which, combined with information about the excited potential surface, enabled the time evolution of the wave packet in the dissociative state to be extracted.
In a similar spirit (but using a completely different technique), Neumark and co-workers4 have photodetached negative ions XHY -(where X and Y are halogen atoms) to form an unstubZe neutral XHY species. The neutral surface corresponds to that for reactions X + HY + XH + Y and the XHY species is prepared on that reactive surface with roughly the same geometry as the negative ion. The kinetic energy distribution of the photodetached electrons was measured, and in some instances this distribution shows vibrational structure in coordinates orthogonal to the reaction coordinate, giving detailed information on the scattering states supported by the neutral potential energy surface.
Zewail and co-workers5 have been able to examine the motion of a photodissociating system on a femtosecond (fs) time scale by using one fs laser pulse to produce the excited state and then using a second (delayed) fs pulse to probe the dynamics of the molecule in the excited state. In the photodissociation of NaI, for example, the fluorescence of Na atoms showed an oscillation with probe delay ( z 1 ps) which was a manifestation of the oscillation of the NaI wave packet in a quasiwell created by an avoided crossing between the ionic and covalent potential curves. An extension of this technique to bimolecular reactions (which lack a time zero) has been made by Bernstein and Zewa# '"' in the study of OH formed in the H + CO, reaction, where the reaction was initiated using Wittig's technique' of photolyzing a van der Waals molecule, in this case HI* * *CO,. Their method has most recently been extended6'b' to a study of the Br + I, reaction (initiated by photolysis of HBr * * -1, ) in which they find a complex lifetime =: 50 ps.
Photodissociation experiments are half-collision experiments, and it can be argued that for a complete picture of bimolecular chemical reaction, the full collision must be investigated. The investigation of bimolecular reactions by the photolysis of van der Waals precursors appears to be a step in this direction. In this photolytic method, the region of the reactive potential surface probed is limited by the geometry of the stable ground state of the van der Waals precursor. This is simultaneously both an asset and a liability; an asset because it removes much of the averaging over impact parameters and relative orientation of the reagents in the reactive collision; a liability because the regions thus selected cannot be easily varied and might not be important in the full bimolecular collision. For this reason, we have continued to develop direct probes of transition region species formed in full collisions recognizing the inherent complications associated with averaging over initial conditions.
We have previously investigated TRS's in the K + NaCl system.' Molecular beams of K and NaCl were crossed inside the cavity of a cw dye laser tuned to wavelengths where neither products nor reactants absorb. The reaction, K + NaC1-t KC1 + Na which is ~0.2 eV exoergic, occurs on roughly every gas kinetic collision, and goes through a complex with a lifetime measured' to be about one rotational period and calculated" to be -l-10 ps. The combination of large reaction cross section and long TRS lifetime maximizes the steady state concentration of TRS's available to be probed and thus the expected spectroscopic signal. Generally we have probed the TRS spectrum by cw dye laser excitation of the system to the red of the Na D lines.
The sum of reaction exoergicity, collision energy, and photon energy provides the energy required to open the channel to formation of Na* ( 3~) atoms, which can only occur in the presence of a radiation field. The resulting emission from Na* indicates that light absorption by the reacting system has taken place. The process observed can be viewed in a stepwise fashion as ( 1) is an unusual sort of kinetic mechanism. A pictorial view of the process may be useful. Figure 1 shows potential energy surfaces for ground and excited states of the KClNa system, and the motion of the nuclei during a collision is represented by a schematic trajectory on the ground state surface. If the collision occurs in a radiation field, the colliding system can absorb a photon, provided that the trajectory passes through a nuclear configuration (a TRS) which is connected to the upper surface by that photon of wavelength /2. The photon will not need to be resonant with either the reagents or the products, and the wavelengths that excite the TRS will depend not only on the potential surfaces for the system but also on the dynamics on the ground potential surface. If excitation occurs, the system will continue to evolve on the upper surface, and may undergo reactive decay to yield Na* as shown in Fig. 1 . Observation of Na* will also depend on the dynamics on the upper surface as well.
The excitation spectrum previously observed for X = Cl exhibits a sharp rise near the D line and a threshold at -735 nm, but is otherwise relatively featureless as might be expected in view of the averaging over the collision parameters. It was difficult to reach any conclusions regarding the nature of the TRS or of the PES's involved in the K + NaCl reaction from this structureless spectrum. Nevertheless, we decided to investigate other K + NaX systems in the hope that differences among the photoexcitation spectra might be found which could give some insight into the nature of the TRS's in these reactions. In this paper, we report a refined photoexcitation spectrum of TRS's formed in the K + NaBr reaction previously communicated," and, in addition, a TRS photoexcitation spectrum for K + NaI. We find that all of the spectra display a similar "blue" feature where the emission intensity rises sharply at laser wavelengths between 600 and 595 nm. In each spectrum a second "red" feature is also observed which is well resolved for the NaBr and NaI systems. Even the NaCl system is, upon closer inspection, revealed to have a "red" feature, which is much broader and less distinct than either the Br or I features.
In an effort to ascertain whether the clear red features of the Brand I systems might be the result of a pure mass effect, we have extended the surface hopping trajectory calculations performed by Yamashita and Morokuma'* to larger masses. No significant mass effect was found, and these calculations modeling TRS excitation give poor agreement with the experimental chloride spectra, suggesting inadequacies in either the PES or the surface-hopping model. Thus, an unambiguous assignment of these features cannot yet be made. However, some possible origins of these features will be discussed which may give insight into the dynamics of these reactions.
II. EXPERIMENT
The apparatus has been previously described in detai1."13 In this experiment, beams of K atoms and NaX (X = Cl, Br, I) molecules were crossed inside the cavity of a cw dye laser tuned between 595 and 635 nm. Excited Na* atoms formed by the laser assisted reaction K+NaX+hv+KX+Na* (2) were detected by fluorescence at 589.0 nm, and the emission intensity was measured as a function of the dye laser wavelength. In order to separate out the portion of the observed signal which arises from the process of interest, it was necessary to measure the photomultiplier count rate for each of the eight possible combinations of beam on/off conditions for the three beams.
The K beam source was operated at z 350 "C corresponding to a vapor pressure ~3 Torr. Assuming effusive flow, the particle density at the crossing region was -2X 10" cm -3. The NaX source temperature used depended on the choice of the alkali halide, and was 1000,850, and 750 "C for NaCl, NaBr, or NaI, respectively. These temperatures correspond roughly to a vapor pressure ~4 Torr and a particle density at the crossing region roughly equal to that of the potassium.
A Spectra-Physics 375 dye laser was modified by replacing the standard output-coupler with a 150 cm radius high reflector 150 cm from the beam waist to allow insertion of the vacuum chamber into the dye laser cavity. The dye laser was typically pumped by 9 W of 5 14 nm light from an argon ion laser giving tunable intracavity power =: 100 W. As reported previously, direct excitation of Na atom impurities by dye fluorescence at the Na D lines was avoided by placing a sodium heat pipe in the laser beam between the dye jet and the beam intersection region.
Light from the beam intersection region was collected by an f1.4 achromat and passed through a narrow bandwidth (0.27 nm FWHM) interference filter transmitting only the 589.0 nm D line. The light transmitted by the filter was focused onto a cooled C31034A photomultiplier (PMT) and pulses from the anode of the PMT were amplified, discriminated, and input into a pulse counter/timer.
The TRS signal requires all three beams to be present. However, other sources not requiring the presence of all three beams such as photomultiplier dark counts, and emission from oven heaters gave rise to PMT counts. To account for the contributions of such zero, one, and two beam pro-cesses, counts were accumulated for each of the eight beam periments run at different times, each 3BS was normalized by dividing by the product of three beam monitor measurements. This "normalized" 3BS corresponds to a relative (Ref. 14) three-body rate coefficient. The laser power was monitored by steering the reflection from one of the Brewster windows into a power meter.15 The K and NaX beam intensities were monitored by surface ionization on hot tungsten filaments. The surface ionization efficiency, however, is not the same for the three sodium halides. The absorption of halogen atoms into the tungsten filament lowers the work function of the surface, and it has been shown16 that the relative surface ionization efficiencies of the three sodium halides NaCl:NaBr:NaI is 1:l. 14: 1.50. Beam monitor signals corrected for surface ionization efficiency were used to calculate the normalized 3BS.
III. RESULTS
Typical unnormalized count rates for the KXNa systems acquired over an 8 min total counting time are shown in Table I . For the three columns of Table I corresponding to the three chemical systems, the molecular and laser beam intensities were approximately equal. As can be seen by comparing the columns in Table I , most of the corresponding one and two-beam signals are of similar magnitude in the three chemical systems. The NaX background signal, which arises from the glow from heater wires on the NaX collimator and which is consequently extremely sensitive to skimmer temperature, tends to be one of the largest and most variable signals. For approximately equal fluxes, the different sodium halides require different skimmer temperatures; therefore significant differences in this background signal are observed among the three systems. As mentioned above, the signal of interest is the 3BS. These data show that the 3BS is always one of the largest and can be the largest of the eight signals. Normalized 3BS vs laser wavelength for the K + NaX systems are shown in Fig. 2 . We believe these are excitation spectra of the TRS [ KXNa] . The spectra arising from the three chemical systems show striking differences as well as similarities. Each spectrum shows a sharp increase in signal as the laser wavelength is scanned from 600 to 595 nm, which we call the blue feature. In addition, each spectrum displays a broad peak or red feature. This red feature is wellresolved in the [ KBrNa] and [ KINa] spectra, with a maximum occurring at -610 nm, and appears to be quite similar in shape and width for these two systems. The red feature is considerably broader and less distinct in the [ KClNa] spec- trum, with the collective data' suggesting that the maximum occurs at -640 nm. It is clear that the characteristics of the red feature depend on the chemical system under study, and the difference between the observed spectrum of [ KClNa] and those of the Br and I systems suggests that the reaction dynamics are quite different for the heavier sodium halides.
Because of the high photon flux (z 10" s-' cmm2) there is a possibility that the 3BS could arise from other (less interesting) processes involving light absorption by some impurity present in very small concentration. Potassium dimer was present in the K beam and free Na atoms were present in both beams, and it was necessary to verify that the 3BS does not arise from some process involving these impurities. The tests performed to verify that the 3BS indeed arises from excitation of TRS's were aimed at establishing one of the following three points: ( 1) identification of the 3BS emitter as Na*, (2) elimination of the possibility that energy transfer processes involving free Na atoms was giving rise to the 3BS; and (3) elimination of processes involving dimers.
We have performed several tests that strongly support our interpretation of the 3BS as excitation spectra of TRS. These tests are described in detail in the Appendix. Briefly, filters are used to show that the source of emission is excited sodium atoms, and energy transfer processes involving Na impurities are shown to be unlikely because adding Na to the K beam does not change the 3BS. Finally, magnetic deflection experiments demonstrate that the 3BS arises from a paramagnetic species in the K beam, which rules out the participation of K dimers. These tests show that the 3BS is not a result of processes involving the artifact sources considered above.
Thus, we conclude that the spectra shown in Fig. 2 represent an excitation of the TRS [ KXNa] . The steeply rising blue feature between 600 and 595 nm was observed in the early KClNa experiments,8 but not emphasized because our attention was focused on determining whether or not observation of TRS's was possible. (When the laser is tuned far to the red of the Na D lines, many artifacts are either ruled out or become less plausible. In the early experiments, we tended to discount signals near the D lines where the energy defect could easily be made up by collisional energy without requiring energy to be supplied by the reaction exoergicity.) The tests we have made here and the similarity of the feature for all three systems lead us to conclude that the blue feature is a spectroscopic feature of the TRS.
The distinct red feature in the [KBrNa] and [KINa] spectra suggests that the dynamics of these reactions are different from the K + NaCl reaction. The potential surfaces for these reactions are expected to be similar, but at this stage we have little idea how sensitive the spectra are to the details of the potential surfaces involved. A possible explanation for the accentuated red feature in the heavier halides is that the increased mass decreases the speed of the system resulting in some critical region being traversed more slowly. The longer time spent in such a "critical" region might result in an increased probability for light absorption. This was explored by performing surface hopping classical trajectory calculations modeling both the ground and excited state dynamics using the procedure of Ref. 12.
Barnes et&: Spectra of transition region species 3563 IV. SURFACE HOPPING TRAJECTORY CALCULATIONS Surface hopping trajectory calculations on slightly modified" surfaces'2*'8 were carried out to investigate the possibility of a mass effect as the origin of the red feature and to explore the role exit-channel excitation13 plays in the blue feature. Because potential energy surfaces (PES's) for the K + NaBr and NaI reactions are as yet unavailable, trajectory calculations were performed using the K + NaCl potential energy surfaces calculated in Ref. 18 . Generally, the method employed for calculating the TRS spectra was the same as that used by Yamashita and Morokuma.12 The effect of increased mass and decreased mean speed for the Br and I systems was investigated using the same (K + NaCl) PES and changing the mass of the halogen atom and the velocity distribution of the sodium halide molecule. In order to understand the results of these calculations, it is useful to first examine some of the details of the K + NaCl PES's.
There are four low lying adiabatic PES's in the K + NaCl reaction ( 1 2A ', 2 'A ', 3 2,4 ', and 1 2A " ) of possible significance to the present experiments. Yamashita and Morokuma" argued on the basis of their calculations that the TRS spectrum of this system should involve primarily a transition from the ground 1 A ' to the second excited 3 A ' state (omitting the doublet designation). They calculated 241 ab initio points'2718 which were then fit to parameterized Murrel-Sorbie analytical functions," although parameters were only provided for the 1 A ' and 3 A ' states. In Fig. 3 , their minimum energy paths along these A ' surfaces are shown. The curve drawn for the 2 A ' state is based on the well depth reported12 and is therefore only approximate. No parameters are available for the 1 A " surface, although it does correlate with the same product asymptote as the 3 A '.
As seen in Fig. 3 , each of the A ' states has a potential well, and the excited states correlate with K*(4p) + NaCl and Na* (3~) + KC1 in the reagent and product asymptotes, respectively. The 2 A ' level correlates adiabatically with the lower 2P,,2 fine structure level of the atom and the 3 A ' and 1 A II levels correlate adiabatically with the 2P3,2 level. These experiments involve measurements of emission intensity at 589.0 nm, corresponding to the higher energy 2P3,2 fine structure state. Thus to the extent that nonadiabatic transitions in the exit channel may be neglected, only reactive trajectories on the 3 A ' and 1 A " state should be experimentally observed.
The process of light absorption by the reacting system was treated12 as a surface hopping process between the "laser-dressed"20 ground state and the 3 A ' excited state. The "laser-dressed" ground state PES is created by adding the laser photon energy to the ground state, and as suggested in Fig. 4 , the dressed surface can intersect an excited surface. Near such intersections the electric field of the radiation couples the two surfaces through the electric dipole transition moment causing an avoided crossing. Thus a trajectory begun on the dressed ground state could (schematically) remain on the adiabatic surface and ultimately emerge on the 3 A ' surface giving Na*. (Previous calculations suggest that this trajectory is likely to be snarled'0~'2 and may encounter a surface crossing many times.) This surface-hopping process was examined, using a standard Monte Carlo method,2' b y propagating the classical trajectory on the laser dressed surface until a point of intersection with the 3 A ' surface was encountered. The adiabatic transition probability (representing a transition to the 3 A ' surface) was estimated using the Landau-Zener relation22'23
where d,, = p *E and A W is the difference in energy between the crossing surfaces. If this transition probability was greater than a freshly generated random number, the trajectory was continued on the upper surface (corresponding to the excited state PES) until it was determined to be reactive or nonreactive. If a transition was not made, the trajectory was continued on the laser dressed ground state until another crossing was encountered or until the criteria for ending the trajectory were satisfied. This approach of sometimes jumping to the 3 A ' surface and sometimes remaining on the 1 A ' surface takes into account the possibility that a given trajectory on the 1 A ' surface might go through several crossings. Although this procedure neglects effects such as interference between waves on the excited surface, extensive averaging over many trajectories makes such interference almost certainly unimportant.
No effort has been made to produce absolute cross sections for the process. Therefore, the magnitude of the coupling term is relevant only in comparison with the range of random numbers used as the surface hopping criterion. The coupling term24 (,uE = 0.1 kcal/mol) used was the same as that used by Yamashita and Morokuma, and the random number range was adjusted to provide a reasonable division between hopping and continuing on the 1 A ' surface. The fact that this coupling term corresponds to a laser power much higher than that used in the experiments is irrelevant.
The ratio of reactive trajectories on the excited state to the total number of trajectories as a function of photon energy was used to calculate a model excitation spectrum. Figure  5 shows the results of these calculations with 500 excited state/reactive trajectories accumulated for each photon energy. The results obtained for the K + NaCl system are in good agreement with those of Ref. 12 in the wavelength range between 600 and 650 nm. The agreement between the KClNa results and the results calculated for the heavier mass shows that there is no effect of mass on the calculated spectrum, as the minor differences seen are within the Monte Carlo sampling error.
The overall agreement between the model and experimental spectra is poor, and these calculations seem to give no clues as to the origin of either the red or the blue feature. The sharp rise evident in the experimental spectrum near the Na D lines is specifically not predicted, even in the [ KClNa] spectrum. The calculated difference in Na* emission between 595 and 600 nm is only -5%, whereas the experimental difference is approximately a factor of 3. Even with an excitation wavelength of 590 nm, only 1 nm from the Na D line, the calculated signal increases only by about another 5%. It seems most likely that the blue feature is an exit channel phenomenon. 
V. DISCUSSION
The TRS spectra of the three sodium halide reactions with potassium have been investigated here in the hope that differences among the spectra could be observed and interpreted in terms of the underlying dynamics. This hope has been partially realized in that features have been observed in all three spectra whose characteristics depend on the choice of sodium halide. The next task is then the interpretation of the observed features in terms of the reaction dynamics. As a tentative step in this direction, it is useful to consider how it may be possible to observe structure in this type of spectrum.
As shown in Fig. 1 , the reacting system may absorb a photon if the laser is tuned to a frequency corresponding to the potential energy difference between the ground ( V, ) and an excited state ( V, ) for a given instantaneous nuclear configuration (Ri), that is, where V, (Ri) -V, (Ri) = hv. In this picture*' (assuming a constant transition moment) the Barnes &al.: Spectra of transition regionspecies 3565 intensity of light absorption by the TRS depends on (a) the number of configurations Ri for which A Y= hv, and (b) the time spent in nuclear configurations similar to Ri (where a similar configuration is one in which the energy difference between the crossing dressed surfaces <, the strength of the dipole coupling to the field).
Thus, there are three principal ways in which features may arise in this type of spectrum.26
( 1) There may be a region of the lower PES where the system remains trapped for a period of time resulting in a "persistent" configuration which will increase the probability of absorption at the wavelength corresponding to AU&J.
(2) There may be certain configurations that are explored by all trajectories en route from reactants to products. For example, a "bottleneck" in the ground state surface may force trajectories with widely different initial conditions through a narrow region of phase space.
(3) There may be regions of the ground and excited PES's traversed by the system which are relatively parallel so that many different configurations may absorb light of the same frequency. Thus, increases in absorption strength by the TRS may result from an increase of the number of similar configurations, i.e., from regions where the PES's are parallel.
A. The blue feature
It has been previously suggested that the blue feature arises from excitation in the exit channel of the ground state PES where the two surfaces should become more parallel."**' Such excitation of the newly formed Na atom perturbed by the KX dipole presumably could occur at relatively long ( 25 A> Na-X distances and should vary only slightly among chemical systems. Indeed, the blue features in all three spectra appear to be quite similar. We attribute these features to chemical reactions; we have shown experimentally that the blue feature does not arise from an artifact associated with Na impurities in either beam and therefore cannot be nonreactive collision broadening of Na atoms.
Atomic resonance lines are broadened by collisions and frequently show a "blue" feature similar to that found in the reactive systems. In the atomic case, the potential curves for the ground and excited states of the atom-collider pair become asymptotically parallel and an increasing number of nuclear configurations become resonant for a given il as R -+ CO. (The photon dressed ground state curve would coincide with an ever-increasing segment of the excited state curve as R --* R,,, , as suggested in Fig. 6 by the hypothetical curve.) If both attractive and repulsive curves can correlate with the excited atomic state, as is expected for ap state, the resonance line will be broadened both to the red and to the blue, as observed by Gallagher and co-workers for the broadening of the Rb resonance line by Xe.28 By analogy to this process, we expect the newly formed Na* atom to be perturbed by the departing KX. Such reactive line broadening was observed in the early experiments of Polanyi et al., 29 where the broadening of the Na* resonance line was observed in the chemiluminescent reaction F + Na, -+Na* + NaF. In those experiments, Na* was observed to ffu-oresce at A > jlatom , with intensity falling rapidly in the 590-595 nm interval.
As noted earlier, the trajectory surface hopping calculations do not predict such a blue feature and this may reflect slight inaccuracies in the properties of the K + NaCl surfaces used. (Given accurate ab inifio points, it is still difficult to construct global analytical polyatomic PES's free of unphysical features.) It is also possible that the surface-hopping model may be inadequate to simulate light absorption by the reacting system. For example, significant differences between classical and quantum dynamics calculations have been reported in reactions3' such as F + H,, although for heavier systems such as K + NaBr the differences between classical and quantum mechanics could reasonably be expected to be smaller. Furthermore, in the classical calculations, the Landau-Zener model may fail in certain domains that are well understood3' (at least for one-dimensional problems). It is unlikely, however, that such inadequacies could be the sole cause of suppression of the blue feature.
and it might be effectively trapped in the 2 A ' first excited electronic state. Since these trapped species might have a limited range of nuclear configurations, laser excitation to the second excited state (3 A ') might then result in a feature in the spectrum.
The Landau-Zener probability for a nonadiabatic transition from the 1 A ' state to the 2 A ' is given by Regardless of possible inadequacies of either the surface-hopping method or the details of the A ' PES's, it is also possible that other surfaces play a role in the blue feature. The 1 A " surface is particularly relevant here since it also correlates to Na *P3/2 state which is observed in the experiments. It is not possible to examine this in more detail here since no calculations have been reported for this surface.
B. The red feature
The presence of a distinct red feature in the [ KBrNa] and [KINa] spectra which appears much broadened and less apparent in the [KClNa] spectrum, indicates that the reaction dynamics are quite different for the heavier sodium halides. It is significant that this feature has survived in spite of averaging over initial orientations, impact parameters, and thermal distributions of speeds and internal energies, and this suggests that the spectral feature arises from some relatively coarse-grained property of the system. Identifying this property remains a difficult task since little is known about the PES's for the heavier sodium halides.
It is possible that the regions of the potential surface responsible for the observed red feature may be completely different for the heavier halides. For example, the ground state surface for the K + NaCl reaction is predicted to have a potential well bound by -0.5 eV with respect to products.18,32 The K + NaBr and NaI systems may have much deeper ground state wells capable of trapping trajectories with a wider variety of initial conditions. Excitation from these quasibound states might give rise to the structure in the experimental spectrum if the probability distribution were more localized.
An interesting conjecture" is that the red feature might arise from trajectories which first make nonadiabatic transitions into the deeply bound 2 A ' state, and which are then photoexcited to the 3 A ' state. For the K + NaCl system, the first excited state (2 A ') is predicted to be bound by -1.6 eV with respect to excited state reactants'8.31 and comes within -5 kcal/mol of the 1 A ' surface. If a nonadiabatic transition to the 2 A ' state occurs, the system does not have enough energy to dissociate on this surface33 to either excited atom, where d,* is the coupling term causing the diabatic surfaces to split,34 and (dA W/dt) is the time derivative of the potential energy difference between the two diabatic surfaces, which is directly related to the nuclear velocities. The nonadiabatic transition probability is obviously maximized where the magnitude of d,, is small, or where the nuclear velocities are large. If the magnitude of the nonadiabatic coupling term were approximately the same for all the sodium halides, the lower mean speed of NaBr and NaI relative to NaCl would favor adiabatic passage through the crossing region and trajectories for the heavier halides would be less likely to jump to the 2 A ' surface. Thus, for a collisional nonadiabatic mechanism to be responsible for the red feature, the magnitude of the nonadiabatic coupling term (corresponding to the separation between nonadiabatic states) would have to be smaller for the heavier sodium halides.
Chemiluminescence experiments performed by Moulton and Herschbach35 on the Na + KXt +NaX + K* system (where X = Cl, Br, + denotes vibrational excitation and * denotes electronic excitation) showed that the yield of K* was greater by approximately a factor of 3-5 for the Br system even though more vibrational energy in the KX reagent is available in the Cl system. Since the formation of K* involves a transition to an excited electronic state (2 A ' or 3 A '), a nonadiabatic transition must be made at some point during the collision. These results were interpreted by Struve36 in terms of differences in the coupling between the ground and first excited states for these reactions. He extended the Roach and Child3* pseudopotential method to various alkali + alkali-halide systems, and his results (cf., the discussion on p. 799) make it plausible that the interaction between the states is stronger for the Br system than for the Cl system. Thus he rationalized the Herschbach results in terms of an enhanced nonadiabatic transition probability for the Br reaction.
The experiments 32,34 thus show that collisions in higher energy systems can populate the 2 A ' state and suggest that nonadiabatic transitions are more likely for Br than Cl systems. This lends credence to the idea that the red feature in the [ KBrNa] and [ KINa] spectra arises from nonadiabatic transitions to the first excited state followed by laser excitation to the 3 A ' state which dissociates to give Na*.
VI. SUMMARY AND CONCLUSlONS
Photoexcitation spectra of TRS formed in the bimolecular reactions of K + NaCl, NaBr, and NaI have been measured. All of the spectra show a common blue feature which is thought to arise from excitation in the exit-channel at long Na-X distances. Surface-hopping trajectory calculations performed on slight modifications of the K + NaCl PES's of Yamashita and Morokuma do not predict that such a feature should occur.
The spectra obtained for the NaBr and NaI systems show an additional red feature which appears greatly broadened and less distinct in the NaCl system. A possible explanation for this red feature based on collisional nonadiabatic transitions has been proposed. The differences among the spectra suggest that the reaction dynamics and the nature of TRS's vary from system to system, and we believe that the differences observed reflect differences in the potential surfaces involved.
APPENDIX: ELIMINATION OF POSSIBLE ARTIFACT SOURCES
A. Identification of the emitter It is fairly straightforward to establish that the optical fluorescence at 589.0 nm comes from excited Na atoms as opposed to some other broad band source. By tilting the interference filter with respect to the plane defined by the three beams, the peak wavelength transmitted by the filter is blue-shifted by -0.2 A per degree tilt and light from a sodium lamp is extinguished when the filter is tilted -lo". It was previously shown that the 3BS for the KClNa system was extinguished by the same tilt, verifying that excited Na atoms are the source of emission. This test was repeated at the peak of the 3BS ( ~611 nm) for the K + NaBr experiments reported here, and again we conclude that the emitter is atomic Na. Results of various cutoff filter tests also indicated that the observed emission arises from excited Na atoms.
B. Elimination of energy transfer processes
Establishing that excited Na atoms are responsible for the observed emission does not, of itself, guarantee that the 3BS arises from excitation of TRS. The presence of Na atom impurities (in the parts per million range) in both molecular beams allows for the possibility of some collisional process transferring energy to a sodium atom and thereby producing Na*. Direction excitation of Na atoms is avoided by inserting a heat pipe oven in the laser cavity.' In previous studies' on the K + NaCl system, it was shown that chemically reactive species were necessary to produce a 3BS. The possibility that the 3BS results from an energy transfer process producing Na* through collisions of Na atoms with laser excited species was explored in earlier work* by replacing in one experiment the NaCl beam with a weak Na beam and then in a second experiment seeding the K beam with Na. No 3BS was observed, ruling out the possibility that the observed 3BS was due to energy transfer processes involving sodium atoms.
Since the bond energy of NaBr is -10 kcal/mol lower than that of NaC1,37 it was thought that there might have been a much higher concentration of Na atoms in the NaBr beam increasing the probability of an energy transfer artifact signal. By removing the heat pipe oven from the laser cavity, it was possible to use the spontaneous fluorescence of the dye to probe the Na atom concentration in the beam. It was found that the concentration of Na atoms in the NaCl beam was about three times larger than that of the NaBr beam.38 Since energy transfer processes in NaCl do not seem responsible for the 3BS and since [ Na] is less in the NaBr system, it seems reasonable to conclude that the signals for the NaBr and NaI systems are also not due to energy transfer processes involving Na atoms in the salt beams. As a final test for energy transfer processes involving Na atoms, several experiments were run with NaI with varying amounts of additional sodium (0,25, and 50 mg) added to the 20 g potassium charge. The results of these experiments are shown in Fig. 7 , and it can be seen that there is no correlation between the magnitude of the 3BS and the level of sodium impurity. Our conclusion from the results of these tests is that the emission does not arise from energy transfer processes involving free Na atoms in either the K beam or the salt beam.
C. Elimination of dimer contributions
Several tests for artifactual sources of the three-beam signal involving the small (0.1% ) amount of K dimers in the K beam have previously been performed.* The well known B tX electronic transition for K, occurs at wavelengths between 615 and 650 nm making it necessary to rule out processes of the type, K, + hv-+K:, Kf + NaX(or Na) -+Na* + other products.
(Al) It was previously observed that there was no correlation between K dimer fluorescence and magnitude of the 3BS. But since K, might be excited to some other state which might interfere but not fluoresce, an inhomogeneous magnet was used to separate the atoms from aN of the dimers. The results of these magnetic focusing experiments" demonstrated that magnetically focusable species, which almost certainly must be K atoms, are required for signals observed in the K + NaCl system, conclusively ruling out possible artifactual3BS involving K dimers. D. Role of (NaX), It is also known that NaX dimers are present in the sodium halide beam, perhaps in concentrations as high as 5%.40 Little is known of the spectroscopy of NaX dimers, which like the monomers, should be transparent to visible light. Direct excitation of the dimer and energy transfer processes involving excited ( NaX) Z therefore seem unlikely. It is, however, possible that the 3BS observed is due to TRS's formed in the reaction K + (NaX),, although we believe the 3BS arises mainly from the monomer reaction. The dimer concentration depends sensitively on the temperature of the nozzle chamber of the oven, but the 3BS does not. Experiments at different oven temperatures for NaI allow comparison of the 3BS for different dimer concentrations as calculated from the thermodynamic parameters given in Ref. 36 . This comparison suggests that dimers are not responsible for the 3BS. (Fluctuations in the 3BS are large enough that this result is not yet definitive.)
